Durante a pós-colheita a alface é exposta a condições adversas (baixa umidade relativa) que reduzem a qualidade do vegetal. A fim de avaliar sua vida útil, um grande número de índices de qualidade tem que ser analisado, requerendo um cuidadoso delineamento experimental e um longo consumo de tempo. Neste trabalho, o método modificado do Índice Global da Estabilidade foi aplicado para estimar a qualidade da alface manteiga a uma baixa umidade relativa durante o armazenamento diferenciando três zonas (interna, média e externa). Os resultados indicaram que, para a zona externa, os índices mais relevantes foram o conteúdo da umidade relativa , conteúdo da água, ácido ascórbico e a contagem total de micro-organismos mesófilos. Para a zona média, foram conteúdo da umidade relativa, conteúdo da água, clorofila total, ácido ascórbico e, para a interna, conteúdo da umidade relativa, água ligada, conteúdo da água e a contagem total de micro-organismos mesófilos. Foi proposto um modelo matemático entre o Índice Global da Estabilidade e qualidade visual geral para cada zona da alface. Ademais, foi aplicada a distribuição de Weibull para estimar o tempo da vida útil do vegetal, o qual foi: 5, 4 e 3 dias para as zonas interna, média e externa, respectivamente. Quando foi estudado o efeito do tempo de armazenamento para cada zona da alface, todos os índices avaliados na zona externa mostraram diferenças significativas (p < 0,05). Para as zonas interna e média, todos os índices medidos, com exceção do conteúdo da água e do total de clorofila, mostraram diferenças significativas (p < 0,05). Palavras-chave: alface; índices de qualidade; vida útil; modelo matemático; distribuição de Weibull.
Introduction
The consumption of fresh leafy vegetables, in particular lettuce, has tremendously increased in the last decade as a result of consumer desire for healthy and nutritive food (KAUR, KAPOOR, 2001; GIANNAKOUROU, TAOUKIS, 2003; MARTÍNEZ-SÁNCHEZ et al., 2006; REDIERS et al., 2009) . The lettuce head is a morphologically heterogeneous assemblage of leaves that are packed together over the growing point of the plant. Its formation results from the accumulation of young leaves under the layers of the leaves covering the growing point (WIEN, 1997) . This spatial arrangement of lettuce constitutes an interesting natural model that allows evaluating the effect of both tissue development and different degree of leaf exposition to environment. Several studies have demonstrated that leaf distribution affects leaf composition as well as its metabolic activity (SIOMOS et al., 2002; DEL NOBILE et al., 2006; AGÜERO et al., 2008) .
Several problems arose during lettuce harvesting, transporting, distribution, processing and storage, mainly due to its high mechanical and physiological fragility (PEREYRA; ROURA; DEL VALLE, 2005) . Once harvested, lettuce heads Sampling times were: 0, 1, 2, 3, 4, and 5 days. On each sampling day, eight plants were taken from the storage chamber. Two of them were used to assess water plant status, two to determine chlorophyll and ascorbic acid content, two to estimate total microbial counts, and the rest to analyze sensorial quality. All parameters analyzed were measured in three different zones of the complete lettuce head, called external (outer leaves), middle (mid leaves) and internal (inner leaves) zones. The morphological and physiological characteristics of each zone are clearly defined: external (older, mature and green leaves), internal (younger, immature and yellow leaves) and mid leaves with intermediate characteristics. For each lettuce plant, the zones were delimited visually according to the study of Agüero et al. (2008) . Each zone had an average of 6 to 9 leaves. All measurements were done in triplicate.
Quality indices

Water status indices
Water status in lettuces was determined through the following indices: Water Content (WC), Relative Water Content (RWC), Free Water (FW), Bound Water (BW) and the relationship between FW, and Total Water (FW/TW). Water status indices were calculated for all leaves of each zone of the plant. More details of these indices determination can be found in the study of Ansorena et al. (2009) . Values of fresh mass (FM), turgid mass (TM), and dried mass (DM) were used to calculate RWC using Equation 1 (ESPARZA-RIVERA et al., 2006) :
To determine WC, FM and DM were used using Equation 2:
Total water in leaf tissues is made up of two components, namely free solvent water and bound water. These data were acquired following the methodology described by Singh, Pallaghy and Singh (2006) . The values from fresh mass (FM), air-dried (AD), and oven-dried (DM) weights were then used to calculate Total leaf tissue Water (TW), Free Water (FW), and Bound Water (BW) per unit dry mass using Equations 3, 4 and 5:
The Free Water to Total Water (FW/TW) ratio was calculated applying Equations 5 and 3. FW, BW, and TW were expressed as gram of water per unit of leaf dry mass (g.g -1 ).
Total Chlorophyll Content (TCC)
The chlorophyll content of each zone was determined following the methodology described by Moreira, Roura and are usually exposed to uncontrolled humidity conditions that are far from the recommended ones to maintain the optimal product quality. Under those abusive conditions (e.g. low relative humidity), the main cause of lettuce deterioration is water loss, which causes cell wall degradation and affects quality attributes, such as texture, turgidity, and colour producing detrimental structural changes as well as enzymatic browning during postharvest storage (ALZAMORA et al., 2000) . Moreover, microorganisms can proliferate when associated with inadequate handling and transportation practices (BAUR et al., 2005; MOREIRA et al., 2006; REDIERS et al., 2009) . Associated with these quality changes, several quality indices which characterize physico-chemical, nutritional, microbiological, and sensory quality of lettuce were proposed (KADER, 2002) . Among them, several water status indices, (BURDON, CLARK, 2001; EITEL et al., 2006; AGÜERO et al., 2008) , ascorbic acid (GIANNAKOUROU, TAOUKIS, 2003; ROURA et al., 2003; ESPARZA-RIVERA et al., 2006; MOREIRA et al., 2006) , chlorophyll content (FRANCIS, CLYDESDALE, 1975; YAMUCHI, WATADA, 1991; SHIOI et al., 1996) , and total microbial counts, were measured (PONCE et al., 2002; MOREIRA et al., 2006; PONCE et al., 2008) . In order to overcome the problem of dealing with an important amount of experimental data, ANSORENA et al. (2009) proposed a modified Global Stability Index (GSI) method, which enabled to quantify lettuce quality stability by simultaneously accounting of the most relevant quality indices when high relative humidity and optimal temperature were used as storage conditions. Along with the GSI approach, the use of mathematical modeling is an interesting tool to predict shelf life. In this sense, the Weibull model has been successfully applied in food processing (PELEG; PENCHINA; COLE, 2001; BUZRUL, ALPAS, 2007; VEGA-GÁLVEZ et al., 2009) . Therefore, the aim of this study was to apply the modified GSI method to single out the set of quality indices for each lettuce zone that best represent the loss of quality during the shelf life of butter lettuce stored at low relative humidity and to compare the quality stability of the product with that reported in a previous study, in which the lettuce was stored at high relative humidity conditions (ANSORENA et al., 2009) . In adittion, the Weibull distribution was applied to determine the shelf life of lettuce based on the GSI predictions.
Material and methods
Plant material and sample preparation
Butterhead lettuces (Lactuca sativa var. Lores) were grown and harvested at optimal maturity after reaching a marketable size, immediately pre-cooled in refrigerated containers, and transported to the laboratory within 1 hour after harvest. Then, the plants were stored in a refrigerated chamber at 0-2 °C and 70-72% relative humidity (RH) (SCT-PHARMA, ICH 830, Argentina). These particular temperature and RH conditions are usually found during the management of lettuce from the field to the distribution centre or stores in Argentine during the winter season because a common practice is to transport the leafy vegetables in open air vehicles without humidity control. Moreover, during the consumer retail display, the produce is freely exposed to the air without an adequate film favoring moisture loss at low environmental temperature.
where j is the unit of storage time for which V ij have been defined, V ij is the variation term and α i is the weighing factor reflecting the relative importance of the index i in terms of describing the quality of the product, C ij is the measured value of the index i at time j, C i0 is the initial value of the index i when time is equal to 0, and L i is the threshold value of the index i. Therefore, V ij describes the reported variation of the index as compared to the maximum tolerated variation.
In order to determine the threshold value for each index as a function of lettuce zone, all physical, nutritional, greenness and microbiological indices were correlated with overall visual quality using a linear model as described in the study of Ansorena et al. (2009) . The threshold value for each index resulted from that corresponding to the limit of acceptability for a value of OVQ equal to 5 (KADER; LIPTON; MORRIS, 1973) .
In the present study and following the modified GSI methodology, all indices were combined into groups of four (a tetrad) resulting in a total of 35 tetrads for each plant zone. To set the weighing factors (α) for each index within the tetrad, a correlation analyses between GSI profiles and overall visual quality was carried out through Pearson's coefficients evaluation, which were obtained using SYSTAT 5.0 (SYSTAT, 1992), according to the methodology suggested by Ansorena et al. (2009) . GSI varies between zero and one. If the index is closer to the unity, the product maintains its initial quality, and if it approaches zero, the quality of the product is diminished (ACHOUR, 2006) .
The normalized Weibull distribution
The Weibull distribution has been applied to model lifetime data in medical, biological and engineering sciences (KHAN et al., 2008) . In the present study, the GSI value is the dependent variable in the Weilbull model which can be mathematically expressed as:
where β is the scale parameter of the Weibull model (/time), γ is the shape parameter (dimensionless), and t is the sampling time.
The parameter β can be interpreted as a kinetic reaction constant and represents the time when GSI attains a value corresponding to 36.8% of GSI 0 . The constant γ represents a behaviour index and for the especial case of γ = 1, the model is reduced to a first order kinetics. When γ > 1, the reaction rate increases with time, and the degradation curve assumes a sigmoidal shape. On the other hand, if γ < 1, the reaction rate decreases with time and degradation rate ishigher than the exponential is observed at the beginning of the process (MARFIL; SANTOS; TELIS, 2008).
Del Valle (2003) . Leaves of each zone were homogenized using food processor (Minipimer, Philips HR 1362, China). Samples (1 g each) were taken from each homogenate. Each sample was then homogenized with 19 mL of a cold solution of 18:1 (propanone: ammonium hydroxide, 0.1 N) ratio. This homogenate was filtered through sintered glass and water was removed from the filtrate with anhydrous sodium sulfate. Absorbance of the filtrate at 660.0 and 642.5 nm was measured with a UV 1601 PC UV-visible spectrophotometer (Shimadzu Corporation, Japan). Chlorophyll content was calculated applying the formula, TC = 7.12A 660 + 16.8 A 642.5 and reported as mg of chlorophyll/g dry weight.
Ascorbic acid content (AA)
To assay the ascorbic acid content, the titrimetric method described by Pelletier (1985) was followed. Ground lettuce leaves (20 g) from each lettuce zone were extracted with 100 mL of metaphosphoric acid solution (60 g.kg -1 ) for 3 minutes using a tissue homogenizer (Braun, Kronberg, Germany) at a speed of 3500 to 7000 rpm. The homogenate was made up to 250 mL with 30 g.kg -1 metaphosphoric acid and filtered through Whatman nº 42 filter paper. The temperature during ascorbic acid extraction was maintained in the range of 0-2 °C. Aliquots (5 mL each) of the filtrate were titrated with 2, 6-dichloroindophenol. AA content is reported as mg of AA/100 g dry weight.
Total Microbial Counts (TMC)
Total microorganisms were enumerated using Plate Count Agar (PCA) incubated at 32-35 °C for 48-72 hours (INTERNATIONAL…, 1983) . Studies were performed in duplicate. Microbiological counts were expressed as log CFU/g of fresh weight.
Overall Visual Quality (OVQ)
At each storage time, each individual lettuce was subjected to overall visual quality evaluation of each plant zone by a sensory panel. The evaluations were performed immediately after lettuce removal from storage conditions. A panel, composed of 9 trained judges aged 30 to 55 years old, who are members of the Universidad Nacional de Mar del Plata (UNMdP) Food Engineering Group and have sensory evaluation experience in leafy vegetables, was trained in lettuce quality evaluation. Three-digit coded samples were presented one at the time, in random order, to the judges who made independent judgments. The judges were asked to evaluate OVQ on the basis of leaf characteristics, such as color (shade and uniformity), brightness, texture, and presence or absence of defects. A nine-point scoring scale was used, in which 9 stood for excellent quality and 1 for very poor quality; the limit of acceptance was 5, according to Moreira et al. (2008) .
Determination of Global Stability Index (GSI)
The GSI index was calculated following the expressions suggested by Achour (2006):
The results reported in Tables 1 and 2 were analyzed using SAS software version 9.0 (SAS INSTITUTE, 2002) . A simple linear model was considered to evaluate differences in values along sampling days and between zones. The General linear model procedure (PROC GLM) was used for the analysis of variance (ANOVA). The factors employed as sources of variation were: DAY (storage time, day of sampling: 0, 1, 2, 3, 4, and 5) and
Data analysis
The parameters of the regression models were obtained using the function lsqcurvefit corresponding to the Optimization toolbox of MATLAB (v7.0 R14, The Mathworks Inc., MA, USA) (MATLAB, 2004) . Statistical analysis was carried out using SYSTAT 5.0 (SYSTAT, 1992). higher. For inner leaves, even though BW and TMC are relevant, their impact is less notorious than the WC and RWC indices. Ansorena et al. (2009) , working with butter lettuce stored at high relative humidity and 0-2 °C and the GSI methodology, found the following tetrads as those that best describe butter lettuce quality evolution at optimal stored conditions: RWC, FW, TC, and AA (for external zone), RWC, WC, TC, and AA (for middle zone), and RWC, FW, WC, and AA (for internal zone). When comparing these results with those shown in Table 4 , it can be seen that RWC index is common not only for all tetrads, but also for both relative humidity storage conditions. Thus, RWC is a relevant index that should be measured in each postharvest management, and it is indicative of tissue water holding capacity (BARG et al., 2009) . Under unsaturated atmosphere, WC is a common index for the three lettuce zones indicating its significance under low relative humidity conditions. Opposite to any expected results, the free water content (FW) is not a significant index to be analyzed under unsaturated conditions. As a substitute, the bound water content (BW) is appropriated for inner leaves, and it is a member of the ZONE (external, middle, and internal). The differences between zones and days of storage were determined by the Tukey-Kramer multiple comparison test (p < 0.05). PROC UNIVARIATE was used to validate ANOVA assumptions. Table 1 shows the experimental data corresponding to the physical indices related to the water status, namely Relative Water Content, Water Content, Free Water, Bound Water, and the Free to Total Water ratio discerning the three zones (external, middle, and internal) of lettuce stored under unsaturated environmental conditions. Table 2 shows the experimental data corresponding to the greenness (total chlorophyll content), nutritional (ascorbic acid content), microbial (total microbial counts) and sensorial (overall visual quality) indices in the three zones of lettuce stored under the same conditions. The effects of the lettuce zone as well as the storage time on the mean values of the quality indices presented in Tables 1 and 2 were analyzed by means of statistical analysis. With regard to the effect of lettuce zone for each storage day, it can be said that TC, AA, and OVQ presented significant differences during storage time (p < 0.05). The rest of the indices did not show significant differences. When analyzing the effect of storage time for each lettuce zone, all indices evaluated in the external zone presented significant differences (p < 0.05). For both, internal and middle zones, the rest of the indices presented significant differences (p < 0.05), except for WC and TC.
Results and discussion
Experimental data
Since consumer perception during lettuce's shelf life is associated with the external zone, the results indicate that all indices have to be taken into account for determining the quality of the product.
Determination and mathematical modelling of the GSI
In order to estimate the GSI, the thresholds values of Equation 7 obtained for each quality index in each lettuce zone are presented in Table 3 . The threshold value for each index resulted from the one corresponding to the limit of acceptability, which correspond to an OVQ of 5 (ANSORENA et al., 2009 ). The determination coefficient (r 2 ) performed to the linear model between quality indices and OVQ are also presented in Table 3 . Once obtained, they allowed the determination of weighting factors for the different tetrads that could represent the stability of each zone. The best tetrads were selected taking into account the correlation between GSI and OVQ. Representative tetrad for each zone, along with weighting factors and their probabilities associated with the quality index integrating the tetrad, are presented in Table 4 , according to the methodology proposed by Ansorena et al. (2009) . As can be observed, in the external zone, all indices have the same weighting value (e.g. 0.25), which means that they all have equal impact on the stability of the product. In the middle zone, the impact of WC and AA is higher than that of the other two, so the weighting values are also tetrad of indices that best expressed the quality of internal zone under unsaturated atmosphere.
The measurement of ascorbic acid content is pertinent to the external and middle zones under both, optimal and low relative humidity conditions. The kinetics of deterioration of AA in the inner leaves is negligible compared to that of the external and middle zones (GOÑI et al., 2009) ; therefore, vitamin degradation in the internal leaves may not be noticeable during the postharvest storage. On the other hand, the AA content of the external and middle leaves showed a significant decrease that could be related to an important reduction of lettuce moisture in the mentioned zones since the degradation reaction rate of vitamin C is affected mainly by the product moisture content (MARFIL; SANTOS; TELIS, 2008) . Moreover, the TMC seemed to be an important parameter when evaluating quality from the low relative humidity point of view, in particular, in the external and internal zones.
The GSI values calculated from the tetrad (Table 4) were estimated with Equations 6 and 7 for each lettuce zone at each sampling time. These GSI values were correlated with OVQ for the external, middle, and internal zones of lettuce following Equation 9: Figure 1 shows the experimental GSI values estimated from the relevant tetrads that represent lettuce quality, as well as the proposed regression model of the GSI (Equation 9) for each lettuce zone. The empirical parameters a, b, and c, from Equation 9 and the correlation coefficient (r 2 ) obtained for each zone are shown in Table 5 . As reported in a previous study of Ansorena et al. (2009) , the same mathematical model representing the GSI -OVQ correlation was applied. Although different quality indices contributed to the GSI when evaluating low HR, the results indicated a similar mathematical behavior not only between zones but also for different storage conditions. For the internal zone, the values of OVQ ranged from 7 to 9 corresponding to GSI values higher than 0.6. Hence, the quality stability of inner leaves was higher than that of mid and outer leaves, even if stressed hydric conditions were used during postharvest handling. Under these conditions, which favor water loss, the outer and mid leaves could act as natural barriers against dehydration protecting the inner leaves.
Application of Weibull distribution
In order to simulate the shelf-life of lettuce under low relative humidity storage condition, the Weibull distribution (Equation 8) was applied. Figure 2 shows both experimental and Weibull-predicted quality deterioration profiles for the three studied zones. The estimated parameters of this model were β = 1.70/days and γ = 1.03 (r 2 = 0.974) for the external zone; β = 3.51/days and γ = 1.93 (r 2 = 0.982) for the middle zone; and β = 6.67/days and γ = 2.48 (r 2 = 0.911) for the internal zone. In this figure, in which GSI was plotted as a function of storage time, a clear influence of the lettuce zone on degradation rates is observed. Moreover, the shape parameter is related to the velocity of the degradation at the beginning, e.g., the lower the , 2008) . In addition and based on a limiting OVQ value of 5, the maximum storage time was estimated by means of this model. Therefore, the inner leaves presented high GSI values along 5 days of storage; the middle leaves had a shelf life of 4 days, while the outer leaves presented the shortest useful life (3 days).
Experimental validation
In order to validate the presented model, a second set of experiments was carried out using a different lot of the same variety of Butterhead lettuce (Lactuca sativa var. Lores). For this new set of data, the OVQ value as well as the relevant indices for each tetrads belonging to each zone were measured, and their values were used to calculate the GSI value according to the proposed methodology. This GSI value was correlated with the OVQ for the new experimental values using Equation 9. The agreement between the GSI values predicted with Equation 9 for the validation set of experimental data is illustrated in Figure 3 showing a very good correspondence for each lettuce zone (r 2 = 0.970, external; r 2 = 0.995, middle; and r 2 = 0.985, internal). As can be seen, since the GSI value reflects the global quality of the food product, the validation results confirmed the prediction accuracy of the model under abusive conditions (e.g. low relative humidity).
Conclusions
Lettuce quality was studied applying the modified GSI method during postharvest storage at low relative humidity. The quality indices that better represent the loss of lettuce quality during shelf life in the external zone were RWC, WC, AA, and TMC. For the middle zone, the indices were RWC, WC, TC, and AA, and the corresponding indices for the internal zone were RWC, BW, WC, and TMC. According to these results, the RWC index appears as a common index in the tetrads corresponding to each lettuce zone demonstrating that this indicator could be a basic descriptor of lettuce quality. The WC index proved a relevant index, which is useful to describe lettuce quality stability under unsaturated situations. In addition, a mathematical model that correlates GSI with OVQ was also presented. Moreover, the Weibull distribution was satisfactorily applied to estimate maximum storage time under these conditions. Therefore, the use of the proposed models is an advantage compared to the traditional method to assess the quality of lettuce and the estimation of real maximum storage time. The improvement in this approach is the reduction of the amount of experimental determinations that must be performed resulting in lower operating costs.
The methodology presented in this study is an excellent tool when evaluating quality aspects from a quantitative point of view taking into account the most relevant indices affecting the lettuce quality during storage under adverse conditions (e.g. dehydration).
